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Phosphate transport in osteoclasts: A functional and immunochemical
characterization. Osteoclasts are polarized cells involved in bone resorp-
tion. They are exposed to high ambient concentrations of inorganic
phosphate (Pi) during the active process of bone resorption. We hypoth-
esize that osteoclasts may possess specific Pi-transport system(s) for
transcellular movement of Pi released from bone into the resorption
cavity. We have previously reported the existence of a Na-dependent Pi
cotransporter in the avian osteoclast, which provides a model culture
system for the fully differentiated phenotype capable of bone resorption.
In whole cell Pi-uptake studies, the rate of Pi transport was sensitive to
both ouabain and 2,4-DNP, an inhibitor of aerobic ATP production.
When these osteoclasts were exposed to bone particles, there was an
immediate stimulation of Pi transport, independent of de novo protein
synthesis. The stimulatory effect of bone particles was inhibited by
peptides with the Arg-Gly-Asp-Ser (RODS) motif, an effect which impli-
cates integrins and cell-matrix interaction in the regulation of Pi transport.
We performed Western blots on both whole cell lysates and membrane
fractions using a polyclonal antibody to the N-terminal of NaPi-2 (the rat
variant) and found a single - 100 kDa protein; the non-immune serum was
used as control. Immunofluorescence studies using the same N-terminal
antibody to NaPi-2 detected the protein in discrete vesicles. There was an
induction of the protein in membrane fractions isolated from osteoclasts
cultured in the presence of bone particles. Our preliminary studies
indicate that a Na-Pi cotransporter may exist in the avian osteoclast,
immunologically related to the NaPi-2 family, and which may be regulated
through integrin-mediated pathways in the presence of bone. We also
hypothesize that there may be a redistribution of vesicular poois contain-
ing the Na-Pi cotransporter toward discrete plasma membrane sites on the
polarized osteoclast for transcellular movement of Pi during active bone
resorption.
Phosphate is an essential component of the mineralized bone
matrix. Osteoblasts are responsible for phosphate deposition in
bone whereas osteoclasts are involved in bone resorption. Osteo-
blasts possess functional Na-dependent phosphate transport
mechanisms [1] which have been shown to be modulated by PTH
and other osteotropic factors [2]. During the process of bone
resorption, osteoclasts are exposed to high ambient concentra-
tions of Pi from the demineralized bone matrix. Therefore, these
cells also may be presumed to possess specific transport mecha-
nisms for Pi uptake into the intracellular free Pi pool, which in
most cells equals 1 mivi [3].
Murer's laboratory [4—6] has cloned and characterized several
Na-dependent Pi cotransporters in the rabbit and other species
using the Xenopus oocyte expression cloning system. Several
© 1996 by the International Society of Nephrology
variants of the Na-Pi cotransporters have been assigned on the
basis of species, such as NaPi-1 and 6 in the rabbit, NaPi-2 in the
rat, NaPi-3 in the human renal cortex, NaPi-4 in the OK cell, and
NaPi-5 in the flounder. Based upon overall identity of the
variants, the NaPi cotransporters have been grouped into either
Type I (NaPi-1) and Type II (NaPi-2 to 6) families. Polyclonal
antibodies have been raised against synthetic N-and C-terminal
peptides, which have permitted immunochemical detection of
these species variants of the NaPi cotransporters [7].
In the present study, we have performed some preliminary
characterization of the NaPi-cotransporter in both the avian and
the rabbit osteoclast. We have performed both functional and
immunochemical studies on the putative NaPi-cotransporter in
the osteoclast.
Methods
Osteoclast cell culture
Avian bone marrow macrophage precursors that differentiate
into osteoclasts were isolated from calcium-deprived hens and
cultured as previously described [8]. Briefly, laying hens were
maintained on a calcium-free diet (Purina, St. Louis, MO, USA)
for three to four weeks, at which time bone marrow was harvested.
Mononuclear cells were isolated by Ficoll-Hypaque gradient
centrifugation and the cells adherent at 24 hours were cultured at
25 x 106/25 cm2 in a-MEM plus 5% fetal calf serum (FCS) plus
5% chicken serum, 100 .tg/ml streptomycin, 100 lU/mi penicillin,
and 3 jig/ml cytosine 1f3-D arabino furanoside. Temperature was
maintained at 39°C in a water-saturated atmosphere containing
10% CO2. Under these conditions, the cells fused within three to
five days forming a 85 to 95% pure population of multinucleated
cells. The cells were characterized as having an osteoclast pheno-
type by a variety of functional, morphological, and immunohisto-
chemical criteria. Functionally, the osteoclast precursors differen-
tiated in culture formed resorption pits when added to bone slices.
Morphologically, they expressed ruffled borders upon attachment
to bone and were uniformly TRAP positive (tartrate resistant acid
phosphatase). They expressed several osteoclast-specific antigens
detected by monoclonal antibodies. They are referred to as
osteoclast precursors to indicate that the multinucleated cells
were formed in culture and not directly isolated from bone.
Rabbit osteoclasts were isolated from long bones of 10-day-old
rabbits, as described previously [9].
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Pi transport studies
Avian osteoclasts were plated in 24-well dishes and washed with
the incubation buffer which contained in mM: 150 NaCl (or
choline chloride), 5 KC1, 1.8 MgSO4, 1 CaC12, 10 HEPES, 0.1
K2HPO4, and 5 glucose at pH 7.4. Two hundred and fifty
microliters of 32Pi (1 Ci/ml) was added to the incubation buffer
for varying periods of time at either 4 or 37°C. After the specified
period of time, the cells were washed with ice-cold incubation
buffer followed by solubilization in 1% SDS. Pi-uptake was
determined by liquid scintillation counting.
Preparation of rat bone particles
The long bones from rats were dissected free of periosteum and
soft tissues, split to expose the marrow cavity and then washed
extensively with PBS. These were then air-dried for prolonged
periods of time at 45°C. The bones were then ground and the
fragments were sieved to obtain fine particles.
Western blot analysis
Chicken osteoclasts were used on day 5 in culture for prepara-
tion of crude membrane fractions. The cells were first washed
twice with PBS and then lysed in homogenization buffer which
contained (in mM): 15 Tris, pH 7.5, 0.25 sucrose, 2.5 MgC12, and
2.5 EGTA. The cells were homogenized using a Dounce homog-
enizer, and then the homogenate was centrifuged at 500 x g for
10 minutes. The supernatant was collected and ultracentrifuged at
40,000 rpm in a Ti 70.1 rotor (Beckman) for one hour at 4°C. The
pellet containing the membrane fractions was solubilized in
sample buffer containing 2% SDS. The protein contents were
determined using the DC Protein Assay (BioRad) and equal
amounts of proteins were loaded per lane (100 to 200 jtg), and
were analyzed by SDS-PAGE on 8% gels. The gel was then
electroblotted to a PVDF membrane (Millipore, Bedford, MA,
USA) by wet-dry transfer (Enprotech, Integrated Separation
Systems, MA, USA). Nonspecific protein binding was blocked
with 5% nonfat dry milk powder dissolved in PBS containing 0.1%
Tween 20. The blots were incubated overnight with a 1:1000
dilution of the primary antibody to NaPi-2. This was followed by
detection with a horseradish peroxidase (HRP)-conjugated sec-
ondary goat anti-rabbit antibody (Sigma, 1:1000 dilution). The
secondary antibody (HRP-conjugated goat anti-rabbit antibody)
was detected by the enhanced chemiluminescence (ECL) detec-
tion kit (Amersham) following the manufacturer's instructions. In
experiments where biotinylated membranes were used, intact
chicken osteoclasts were labeled with Sulfo-NHS-LC-Biotin
(Pierce, Rockford, IL, USA) and then solubilized with lysis buffer
containing (in mM): 150 NaCI, 20 Tris, 2 mi EDTA, and 0.5%
NP4O, at pH 7.4. Following determination of protein content, the
lysates were incubated with avidin agarose. The immunoprecipi-
tates were run on a 8% SDS PAGE. Thereafter, standard
immunoblotting techniques were used. Osteoclast ruffled mem-
branes were provided by Dr. P.H. Schlesinger, prepared as
previously described [10].
Immunostaining
Chicken osteoclast precursors were plated in Cell Tak cham-
bers and were fixed on day 5 of culture when the majority of the
cells were mature multinucleated osteoclasts. The cells were
briefly rinsed twice in ice-cold phosphate buffered saline (PBS)
and then fixed and permeabilized with ice-cold 100% methanol.
The cells were blocked with PBS containing 20% goat serum and
1% polyethylene glycol for one to two hours. The cells were
incubated overnight in a 1:1000 dilution of the primary antibody at
4°C. Following two 15-minute rinses with blocking solution, the
cells were further incubated with FITC-conjugated goat anti-
rabbit for two hours. The cells were washed with PBS and then
mounted with VectaShieldTM (Vector Laboratories, Inc., Burl-
ingame, CA, USA). Negative controls were performed with
non-immune rabbit sera. The slides were viewed on a Zeiss
confocal laser scanning microscope. Briefly, photomicrographs
were obtained with a Zeiss LSM 410 scanning laser confocal
microscope system. The system consisted of a Zeiss 135 Axiovert
inverted microscope fitted with an Omnicron argon/krypton laser
for confocal excitation. Samples were viewed with a 63X/1.25 n.a.
oil objective, and images were recorded in a 512 X 512 pixel
format. FITC images were recorded using the 488 nm argon
excitation line. Data processing was accomplished with the LSM
410 software package. Photomicrographs were produced from a
Sony Mavigraph color video printer or stored in TIF image format
for post-processing.
Materials
Arg-Gly-Asp-Ser (RGDS) peptide was purchased from Peptide
Institute, Inc. (Osaka, Japan). [32P]H2P04 was obtained from
New England Nuclear (Boston, MA, USA). Cycloheximide, 2,4-
dinitrophenol, and ouabain were from Sigma (St. Louis, MO,
USA). The polyclonal antibody to the N-terminal of NaPi-2 was
provided by Drs. Heini Murer and Jurg Biber (Zurich, Switzer-
land).
Results
Pi-uptake by mononuclear osteoclast precursors (Fig. 1A) was
Na dependent and was essentially linear up to four hours. The
time course of Pi-uptake by multinucleated mature osteoclasts
was comparable to that of the osteoclast precursors, as shown in
Figure lB.
Osteoclast Pi-uptake was essentially eliminated in response to
both 2,4-DNP, a metabolic inhibitor of ATP generation, and
ouabain, which is known to dissipate the Na-gradient by inhibiting
Na-K ATPase. There was significant inhibition of Pi-uptake at a
lowered incubation temperature (that is, 4°C), as shown in Figure
2.
Bone particles induced a major increase in Nat-dependent on
Pi-uptake in osteoclasts (Fig. 3). The osteoclasts were preincu-
bated with 0 to 100 j.tg/well bone particles, and five-minute Pi
uptake measurements were performed. There was significant
stimulation of Pi-uptake in response to the presence of 50 and 100
.tg of bone chips. The stimulation of osteoclast Pi-uptake oc-
curred over one hour, and was constant thereafter, as shown in
Figure 4. The observed stimulation by bone was not dependent
upon protein synthesis, as shown by the lack of effect of cyclohex-
imide (Fig. 5). However, preincubation of osteoclasts with the
RGDS peptide in the presence of bone revealed a significant
inhibition of Pi-uptake, as shown in Figure 6.
The nature of the osteoclast Na/Pi cotransport protein was
analyzed by immunoblotting rabbit total osteoclast lysates with
the NaPi-2 polyclonal antibody [4]. As shown in Figure 7, a single
band at —105 kDa was detected, which was higher than that of the
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Fig. 1. Time course of Pi uptake in chicken mononuclear cells (A) and
chicken osteoclasts (B). Cells were incubated in 32P-containing buffer in the
presence of 150 m'vi NaCl (0) or in the presence of 150 m choline
chloride (•) at37°C. At the indicated time, the incubation was terminated
and Pi uptake was determined by liquid scintillation counting.
previously reported molecular wt of NaPi-2, that is, 80 to 90 kDa
[11, 12].
As shown in Figure 8, Western analysis of both rabbit osteoclast
lysates and biotinylated membrane fractions from chicken osteo-
clasts with the NaPi-2 antibody revealed significant differences.
Whereas there is a single detectable band in the rabbit osteoclast,
there are two discernible bands, one at —-105 and a stronger signal
at —100 kDa, in the chicken membrane fraction. Western analysis
of NaPi-2 in biotinylated chicken osteoclast membranes was
compared to the ruffled membrane of the avian osteoclast and was
competed for by an N-terminal peptide, as shown in Figure 9.
There were two detectable bands in the biotinylated fraction, but
only one fainter band in the ruffled membrane corresponding to
the lower molecular wt band observed in the biotinylated mem-
branes. When 100 g/ml of the synthetic N-terminal peptide was
used to compete off the primary antibody, the strong signals
0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Fig. 2. Characteristics of Pi transport in chicken osteoclasts. Osteoclasts
were incubated either in the presence () or absence (•) of 150 mrvi NaCI
(as in Fig. 1). Five minutes Pi uptake was determined for the various
experimental conditions.
obtained from the biotinylated membranes in Lane I were
reduced to a low level diffuse signal.
Western analysis comparing NaPi-2 expression in microsomes
from osteoclasts bone particles to microsomal fractions from
osteoclasts without bone revealed a strong induction of the NaPi-2
by bone, as shown in Figure 10. To examine whether the increase
in the NaPi-2 signal in the microsomal fractions was reflected in
the plasma membrane, we performed Western blots of biotiny-
lated membranes. As shown in Figure 11, there is an increase,
albeit small, in the level of NaPi-2-related protein expression in
membranes obtained from osteoclasts grown in the presence of
bone.
We next performed immunostaining of NaPi-2 in chicken
osteoclasts using laser scanning confocal microscopy. Figure 12
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Fig. 3. Effect of bone particles on Pi transport. Osteoclasts were preincu-
bated in serum-free a-MEM with bone particles (0 to 100 jsg/well) for four
hours at 4°C. Five minutes Pi uptake was determined for the different
experimental groups. *significantly different from control (P < 0.05).
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Fig. 4. Time course of the effect of bone particles on Pi transport. Os-
teoclasts were preincubated in serum-free a-MEM with 100 jig/well of
bone particles for the indicated time intervals at 37°C. Five minutes Pi
uptake was determined at 37°C. *significantly different from control (P <
0.05).
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Fig. 5. Effect of cycloheximide on stimulation of Pi uptake by osteoclasts in
the presence of bone particles. Bone + CHX: osteoclasts were preineubated
in serum-free rs-MEM for four hours at 37°C with bone particles (100
jig/well) and 50 jIM cycloheximide. The other treatment groups were
similar to that in previous Figures. Five-minute Pi uptake was determined
for all the groups at 37°C.
shows the representative staining for NaPi-2 in osteoclasts grown
on both glass and bone wafers. Osteoclasts on glass are always
found as large spread cells, in contrast to osteoclasts grown on
bone. In osteoclasts on glass (Fig. 12A), the NaPi-2 immunoflu-
orescence can be seen as mostly vesicular/endosomal staining; the
red represents the structure of the cell as assessed by reflection.
The immunostaining in osteoclasts on bone (Fig. 12B) is more
localized to the plasma membrane. Figure 13A shows a mature
osteoclast on glass stained for NaPi-2. The immunofluorescence
can be picked up as punetate staining in endosomes diffusely
scattered over the cytoplasm. Figure 13B shows the corresponding
xx scan (that is, cross-section) of the osteoclast; the signal for
NaPi-2 can be seen in vesicles diffuse throughout the cytoplasm.
rSAH
r%r%rSA
_ NS
0.0 1.0 2.0 3.0 4.0 5.0 6.0
Ri transport, 10_12 mel/jig
protemn/5 mm
Fig. 6. Effect of RGDS peptide on Pi uptake by chicken osteoclasts. RGDS
peptide (300 jig/mI) was added for six hours at 37°C. Five minutes Pi
uptake was determined for all the experimental groups.
Fig. 7. Detection of NaPi-2-related protein in the rabbit osteoclast. One
hundred micrograms of rabbit osteoelast lysates were seperated on SDS
PAGE and a Western blot was performed with the NaPi-2 antibody.
In data not shown, we have magnified the confocal image in
Figure 13A and discerned the NaPi-2 signal localized discretely
within the vesicles. The peripheral pattern of staining for NaPi-2
in osteoclasts grown on bone can be seen in Figure 14. The bottom
panel shows a small osteoclast stained for NaPi-2; most of the
staining is peripheral. The corresponding xx scan (Fig. 14A) is
seen as an arch-shaped staining for NaPi-2 along the basolateral
membrane ant the cytoplasm. There was no detectable staining in
the ruffled border.
Discusssion
In the present study, we have reported the functional and
immunochemical detection of a Na-phosphate cotransporter in
the avian osteoclast. The Na-phosphate cotransporter is appar-
ently stimulated in the presence of bone and there is a concurrent
regulation at the level of protein expression at the level of the
plasma membrane.
The functional characteristics of the Na-dependent phosphate
cotransporter in the osteoclast indicate that it is a slow uptake
process, sensitive to inhibition by both 2,4-DNP and ouabain, but
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Fig. 8. Detection of NaPi-2-related protein in the chicken osteoclast. One
hundred micrograms of biotinylated membranes were immunoprecipi-
tated with avidin and the immunoprecipitate was separated on SDS
PAGE. The NaPi-2 antibody was used in a Western blot; 100 j.g of rabbit
osteoclast lysates were used as a positive control.
Fig. 9. Detection of NaPi-2-related protein in ruffled membrane of the
chicken osteoclast and N-terminal peptide competition. Biotinylated mem-
branes served as the positive control (lane 1); 100 rg of ruffled membrane
protein (lane 2); the biotinylated membrane was probed with the NaPi-2
antibody after a two hours preincuhation with 100 jrg/ml of the N-terminal
synthetic peptide (lane 3).
stimulated in the presence of bone. Inhibition of attachment to
bone by RGDS-sequence peptides attenuated the stimulation of
Pi uptake in the presence of bone.
We have detected the presence of a NaPi-2-related protein in
both the avian and rabbit osteoclast. The antisera used was
previously obtained by immunization with a 12-mer N-terminal
peptide from the NaPi-2 sequence figure 7, 11]. The apparent
molecular wt of the NaPi-2-related protein in both the rabbit and
the chicken osteoclast (—405 kDa) is higher than that in the rat
kidney BBM (—80 to 90 kDa); this may reflect different degrees of
glycosylation of Na-Pi cotransporters {12] in the chicken and
rabbit osteoclasts. In the rabbit osteoclast lysate and the chicken
osteoclast microsomes, a single band can be detected. However, in
biotinylated membranes from the chicken osteoclast, there are
two bands corresponding to —405 and 100 kDa, respectively.
When osteoclasts were cultured in the presence of bone parti-
cles, there was an up-regulation in the level of the NaPi-2-related
protein in both the microsomal and the plasma membrane
Fig. 10. Expression of NaPi-2 -related protein in chicken osteoclast microso-
ma! fractions in the absence and presence of incubation with bone particles.
Chicken osteoclast precursors were allowed to differentiate in the absence
and presence of bone particles over five days.
Fig. 11. Expression of NaPi-2-related protein in the plasma membranes of
chicken osteoclasts. One hundred micrograms of biotinylated membranes
prepared from mature osteoclasts incubated in the absence (—Bone) and
presence (+ Bone) of bone particles were separated on SDS PAGE for a
Western blot with the NaPi-2 antibody.
fractions. This up-regulation may reflect the acute increases in Pi
uptake observed in the presence of bone.
The NaPi-2-related protein is present mostly in vesicles of
osteoclasts which are not polarized, that is, when grown on glass
and in the absence of bone. Both fluorescence and laser-scanning
confocal microscopy attested to this fact; the greater resolution of
confocal microscopy permitted us to see the vesicles in greater
detail which showed the discrete NaPi-2-related signals. In osteo-
clasts grown on bone, the immunofluorescence data indicated that
NaPi-2 was localized mainly on the basolateral surface of the cell
and the cytoplasm.
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Fig. 12. Immunofluorescent staining of NaPi-2-
related protein in the chicken osteoclast as
assessed by laser scanning confocal microscopy.
A. A ventral image (that is, close to the
substrate) of an osteoclast plated on glass,
whereas B shows a ventral image of two
osteoclasts plated on bone.
Fig. 13. Immunofluorescent staining of NaPi-2-
related protein in the chicken osteoclast as
assessed by laser scanning confocal microscopy.
A. A ventral image (that is, close to the glass
surface), whereas B shows an xz (cross section)
scan of the same osteoclast on glass. The
arrows point to the basolateral (BL) surface.
The sporadic cytoplasmic immunostaining for NaPi-2-rclated distinct ruffled membrane with a sealing zone facing the substrate,
protein in the chicken osteoclast suggests the presence of an and a basolateral membrane, there may occur a redistribution
intracellular pool of NaPi-cotransporters. When the osteoclast of NaPi-cotransporters to discrete areas of the plasma mem-
becomes polarized in the presence of bone, whereby it forms a brane. The increased expression of the NaPi-cotransporters
SBj'ri
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The Pi uptake studies reported in this study have been previously reported
as a short communication [Fujimori A, Miyauchi A, Fukase M, Tsuka-
moto T, Fujita T, Chihara K: Exposure to bone particles stimulates
phosphate transport in chicken osteoclasts: Implication of the integrin
receptor. J Bone Miner Metab 12:43(137)—50(144)I.
Reprint requests to Dr. Keith A. Hmska, Renal Division, 216 S. Kingshigh-
way, St. Louis, Missouri 63110, USA.
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Fig. 14. Immunofluorescent staining of NaPi-2 -related protein in the
chicken osteoclast as assessed by laser scanning confocal microscopy. A
shows an xz scan of the osteoclast plated on bone. The arrows point to the
basolateral (BL) surface and the bone-osteoclast interface. B shows a
ventral image of the same osteoclast on bone.
may function to transport the high circulating levels of Pi in the
interstitial fluid.
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